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INTRODUCTION

Under 1987 Federal Clean Water Act, Congress mandate has changed the concept in urban storm water
management from storm water quantity control to both quantity and quality controls. The Best Manage-
ment Practices (BMP's) have been developed for storm water designs to emphasize environmental con-
cerns. Many studies have revealed that the traditional approach in storm water drainage has increased
flooding and stream erosion, affected the balance of a water body, and created shock loads of pollutants
to the receiving waters (Athayde, 1976). In response to increasing concerns, many cities in the Unites
States have encouraged the applications of local disposal of stormwater at its source of runoff. For in-
stance, a portion of the stormwater is stored and infiltrates into the soil. Although this approach has been
used for groundwater recharges for a long time, in recent years it begins to be adopted as an effective
BMP for storm water designs.

In practice, infiltration basins and trenches are used for the purpose of storm water temporary
storage. The stored runoff then infiltrates into the surrounding soil through the basin bottom. The chal-
lenge in the design of infiltration facilities is to assure that the basin site will sustain the design storage
volume and infiltrating rate. Design parameters for an infiltration basin include storm water storage vol-
ume, soil infiltration rate on the land surface, seepage rate through the soil medium between the basin,
water mounding effects on the local groundwater table, and overflow risk between storm events (Guo,
1998, 2001). In practice, the design of an infiltration basin begins with a site selection. With a little infor-
mation, the alternative sites shall be evaluated by a quantifiable, but simplistic, criterion by which the best
site can be chosen for further hydraulic calculations. This study presents such an algorithm using runoff
volume capture percentage and soil water storage capacity as criteria for the selection of basin size. The
soil water storage capacity is related to the soil porosity and the depth to the local groundwater table. The
runoff capture percentage for the design storage volume in a basin can be estimated by the local average
rainfall depth and interevent time.

DISTRIBUTIONS OF RAINFALL AND RUNOFF DEPTHS

Infiltration basins are often designed to capture daily runoff from a small tributary catchment less than 10
acres. It is well recognized that the conventional flood frequency approaches developed for extreme
events are no longer applicable to analyze a complete rainfall data series. Among various hydrologic
models, the one-parameter exponential function has been recommended to model the distribution of a
complete rainfall record (Chow in 1964, Wanielista and Yousef in 1993). Consider the arrival of a rainfall
event is a random process, and only one arrival at an instant in time. These conditions describe a Pois-
son process whose probability density function (PDF) is (Bedient and Huber, 1992) :

f(t) =™ for t>0 1)

in which f(t) = PDF , m = mean, and t = time variable. To apply Eq 1 to the distribution of interevent times
between adjacent rainfall events, the density function can be expressed as:
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in which T,, = average interevent time. In this study, Eq 2 was examined by the 25-year hourly continuos
rainfall record observed at Stapleton Airport, Denver, Colorado using a storm event separation time of six
hours as recommended by EPA studies in 1983 and 1986. Figure 1 is the comparison between the ob-
served and predicted distributions of interevent times. They closely agree with each other.
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Figure 1 Comparison between Observed and Predicted Interevent Time for Denver, Colorado

Similarly the density function of event rainfall depth distribution is expressed as:
1 _D
f(D) = p-e on 3)

in which D = event rainfall depth, and D,, = average event rainfall depth. The cumulative probability for
Eq 3is
D2

P(D: <D< Dz):jsi Dime*%dD:e*squ—e*Tm @)

in which P (Dl <D <D2) = cumulative probability between two rainfall depth limits from D, to D,. Be-
cause a water quality enhancement facility is designed to capture runoff volumes, Eq 4 shall be converted
to runoff depth. Considering that a runoff coefficient represents soil infiltration losses, and a runoff incipi-
ent depth represents the initial hydrologic losses before producing runoff, an event rainfall depth can be
converted to its runoff depth as:

R=C(D-Dj) 5)
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in which R = runoff depth, C= runoff coefficient, and D; = incipient runoff depth. A value of 2.54 mm (0.1
inch) was recommended as the incipient runoff depth (EPA in 1986, Driscoll et al. in 1989). Substituting
Eq 5 into Eq 4 yields:

P(RlSRSRZ):P(DlgDSDZ):k(ei(J'Eilm_e*(;;izm) (6)

and
Dj

kK=emor @)

in which P (R1 <R <R2) = cumulative probability between two runoff depth limits from Ry to R, and k =
exponential functional value for incipient runoff depth. In practice, the value of k in Eq 7 varies in a small
range such as 0.70 to 1.0.

SOIL WATER STORAGE CAPACITY

An infiltration basin is loaded during a storm event. The soil medium between the basin and the ground-
water table will undergo a filling process in which the soil water content increases from its initial moisture
content toward the saturated condition. When the infiltrating water reaches the groundwater table, a wa-
ter mound will begin to build up. The shape and growth of a mound depend on the infiltration rate, size of
the basin, and hydraulic properties of soil medium (Ferguson 1990). During a water mounding process,
the soil medium undergoes a wetting and draining cycle. The soil hysteretic functional relationship be-
tween moisture content and pressure head makes the determination of hydraulic conductivity even more
challenging (Stankovich and Lockingtom 1995). In previous studies, either soil characteristic curve or a
constant hydraulic conductivity have been used to model a water mound (Brook and Corey in 1964,
Sumner et al. in 1999) (Bouwer in 1999, Rastogi and Pandy in 1998). The water mounding process has
been widely investigated under different assumptions (Hantush in 1968, Ortiz, et al. in 1979, Morel-
Seytous, et al. in 1988 and 1990). Water mounding will affect the conveyance capacity of the soil me-
dium, but it does not significantly reduce the water storage capacity in soil pores (Guo 1998 and 2001).
Therefore, a conservative approach to design an infiltration basin is to make sure that the runoff capture
volume from the tributary watershed can be temporarily stored, and then infiltrates into the soil pores be-
neath the basin. In other words, the storage volume of the surface basin shall not exceed the soil storage
capacity of the subsurface basin (Shaver, 1986).

According to the diffusion theory, the seepage flow through the soil medium can be described
as (Green and Ampt, 1911):
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in which ¢ = soil moisture content, t = elapsed time, f = infiltration rate, and z = vertical distance below
the basin. Considering that the soil medium between the basin bottom and the groundwater table is a
control volume, Eq 8 can be converted into its finite difference form as:

A0 =5 ©

As illustrated in Figure 2, the value of AU is the difference between the soil initial and saturated moisture
contents.
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Figure 2 Seepage Flow Underneath Basin Bottom

The value of AZ is the depth of the soil medium beneath the basin. The value of Afis equal to the infiltra-
tion rate from the basin because of no recharge before the wetting front reached the groundwater table.
With the above discussion, Eq 9 is expressed as:

_ (0)(Tg-0)  Tqf
(0s—00) = Zv-29) ~— Z (20)

in which o= initial soil moisture content, Os= saturated soil moisture content, Z,, = elevation of basin bot-
tom, Z, = elevation of the groundwater table, Z = Z,, -Z, , the vertical distance to groundwater table, and
Tq=drain time. Re-arranging Eq 10, the drain time at the basin site is derived as:

(0-00)Z
Ta=—"7F— (12)

Eq 11 indicates that the drain time of an infiltration basin is dictated by the soil water storage capacity and
the infiltration rate. At a basin site, the soil water storage capacity below the basin can be estimated as

Vs =2(0s —00)Ao (12)

in which Vg = soil water storage capacity, and A,= basin area.

BASIN STORAGE VOLUME

In comparison with surface runoff, infiltration is a slow process and requires a large porous surface area
to depose storm water. The selection of the storage volume of an infiltration basin is a tradeoff between
costs and overflow risk. From the storm water quality control point of view, the larger the infiltration basin,
the less the overflow risk. However, from the cost point of view, the smaller, the better. Under such a
tradeoff, an infiltration basin is often designed to serve as an outfall device for a small and paved catch-
ment such as parking lot. The concept of first flush volume, or water quality capture volume leads to a
storage volume of approximately 30% of a 2-year 1-hour storm runoff depth (Guo and Urbonas, 1996).
When a 2-year or larger event is chosen, the volume-based method can be used to maximize the runoff
detention volume by choosing a proper rainfall duration (Guo, 1999). Nevertheless, aided by Eq 5, the
storage volume of an infiltration basin can be related to its design runoff capture volume and rainfall depth
as:

Vo =AR, = CA(D, - Dj) (13)
in which V, = storage volume of infiltration basin, A = tributary watershed area, R, = design runoff volume
in depth per watershed, and D, = design rainfall depth. The operation of an infiltration basin not only de-

pends on the surface soil texture, but also the seepage through the soil medium. If the soil infiltration rate
at the land surface is higher than the underground seepage rate, the system is backed up, and may even
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cause a failure in the operation. To be conservative, the storage volume in soil pores can serve as a ba-
sis to estimate the disposal capacity of storm water. Setting Eq 13 to be equal to Eq 12, the minimum
bottom area of the basin is:

CAR,
Ao = Zo-0y) (14)

in which A, = bottom area of infiltration basin. The maximum water depth in the basin is:
d<Z(0s-0,) (15)

in which d = water depth in infiltration basin. Eq's 14 and 15 provide the recommended basin geometry
according to the continuity of water storage capacities between the surface and subsurface basins. Under
the recommendations of EQ's 14 and 15, the design runoff capture volume, R, , is further subject to the
overflow risk due to a single large storm event when the basin is empty, or the sequential event during the
draining process.

BASIN EVALUATION BY OVERFLOW RISK

The draining process of an infiltration basin is usually as long as two to three days. During such a long
and slow releasing process, the chance for the basin to be overwhelmed by the next rainfall event is a
concern. During the draining process, the release volume at an elapsed time T is

V(M) =A, fT and T<Tq (16)

in which V(T) = infiltrating volume from the basin or the storage volume available in the basin for the next
event, and T = elapsed time after the basin has been initially filled. Since rainfall volume, D, runoff cap-
ture volume, R,, and infiltration rate, f, are all expressed as depth per watershed, it is convenient to con-
vert the infiltrating volume in Eq 16 to its equivalent depth per watershed as:

V(T) Aof
F(="%==% (17)

in which F(T) = infiltrating volume in depth per watershed. During the draining process from time T to Ty,
the overflow risk, Ry, depends on the two probabilities: (1) the next event will come between T and Ty,

and (2) the rainfall depth of the next event will exceed the available storage volume in the basin. Such a
joint probability can be estimated as

Ra(T)=P(T<t<Tq).P(F(T) <R <) for 0<T<Ty (18)

in which Ry (T) = operational overflow risk during the draining process from elapsed time, T, to T4 . After
the basin becomes empty, the entire basin storage volume, R, , becomes available. The overflow risk
during the waiting time for the next event is described as

Re(T) =P(Tg < T <0).P(Ro <R <) for Ta< T <oc (19)

in which R, (T) = overflow risk for the next event after the basin is empty. Therefore, for a cycle of basin
operation, the total overflow risk, R;, is the sum of overflow probabilities during the drain time and the
waiting time as:

Ri(T)=P(T<t<Tq).P(F(T)<R<®0)+P(Tg <T<00).P(Ro <R <) (20)

Aided by Eq's 2, 7, and 17, Eq 20 becomes
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Eq 21 indicates that the highest value of R¢(T) is at T=0 when the basin is just full. The overflow risk re-
duces to its lowest value of R, (T) after T2T4. These two limits for R, are:

Td Td Ro
Rt(T = O) = k(l — efﬁ) + ke Tm e com (22)
Td Ro
Rt(T > Td) =@ Tm ke~ om (23)

Eq 21 describes the continuous reduction of overflow risk during the drain time. Knowing the overflow
risk, the corresponding runoff capture rate, Co(T), is calculated as

Co (T) =1 - R(T) (24)
The runoff capture rate represents a long-term expected percentage of the storm runoff volume captured

and treated by the proposed basin. Eq 24 varies with respect to the elapsed time during a draining proc-
ess and converges to:

Co(T>Tg)=1—e Trke con (25)

The value of C, (TSTy ) represents the runoff capture percentage during a draining process and the value
of C, (T=Ty ) represents the runoff capture percentage when the basin is empty. As the basin volume in-
creases, C, (T=Tg) asymptotically approaches unity.

DESIGN SCHEMATICS
The design of an infiltration basin begins with a site selection. According to Eq 4, the drain time at a site is
a function of the soil characteristics and the distance to the groundwater table. For example, the soil pa-
rameters at an infiltration basin located in Denver, Colorado include: initial soil moisture content of 0.11,
soil porosity of 0.35, and infiltration rate of 20.0 mm/hour. The drain time for a distance of 4.50 meters to
the groundwater table is 54.0 hours by Eq 20. To be conservative, the drain time is set to be 60.0 hours.
The average interevent time at Denver is 106.0 hours and the average event rainfall depth is
10.41 mm (Driscoll et al. in 1989). The tributary watershed to the infiltration basin is 30000.0 square me-
ters, and has a runoff coefficient of 0.65. Consider a capture runoff volume of 15.62 mm per watershed.
According to Eq 13, the basin storage volume is:
V, = 15.62 * 30000.0/1000 = 468.45 cubic meters (26)

The basin bottom area is determined by Eq 23 as:

_ 46845
Ao = T50,035-01m) = 433.75 square meters (27)

With D; = 2.53 mm, the value of k = 0.78 by Eq 7. Substituting the design parameters into Eq 21 yields
Ru(T) = O.78(e—ﬁ — 0_568)e—0.043T +0.044 o8

Solutions for Eq 28 depend on the elapsed time. For this case, R; varies between the highest and lowest
limits calculated as:
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Rt(T > 600) — 0_78e—% e‘% =0.044

(29)

(30)

Repeat the same procedure to different runoff capture volumes at the basin site. Table 1 and Figure 3
present the comparisons among runoff capture volumes of 5.21, 7.81, and 15.62 mm per watershed. With
R, = 15.62 mm as shown in the second column in Table 1, R, decreases from 0.383 at T=0 to 0.044 at
T>60 hours. Or, the long term expected runoff capture rate defined by Eq 24 varies from 0.617 at T=0 to
0.956 after T>60 hours, or an average of 0.80.

& 520mm * 7.80mm * 15.62 mm

Elapsed Time in hour

Elapsed Time || 2.603 | 5.205 || 7.808 || 10.410 || 13.013 | 15.615 | 18.218 | 20.820
hour mm mm mm mm mm mm mm mm
\ 0.000 0.641] 0.545] 0479 0434] 0404 0383 0369 0.359
\ 6.000| 0586| 0477] 0400 0.345] 0304 0273 0249 0.230)
\ 12.000 0537 0421] 0337] 0.277] 0231 0.197] 0170 0.149
\ 18.000| 0493 0373] o0.288] 0225 0179 0144 o0.118| 0.098]
\ 24.000| 0454 0334 0248 0.186| 0.142] 0109 0.084] 0.066|
\ 30.000| 0420] 0301 0217 0157 o0.15] 0085 0.063| 0.047]
\ 36.000 0.390] 0274 0193 o0.136] 0096 0069 0049 0.035|
\ 42000 0364 0251 0174 o0.20] 0083 0058 0.040] 0.028]
\ 48.000| 0.341 0233 0159 0.109] 0.075] 0051 0.035] 0.024
\ 54.000 0.320] 0.218| 0.148| o0.101] 0069 0047] 0032 0.022
\ 60.000| 0.303] 0206| 0.140]| 0.096| 0065 0044 0030 0.021]
\ 72.000| 0.303] 0206| 0.140 0.096| 0065 0044 0030 0.021]
Table 1 Overflow Risk for Various Storage Volumes
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Figure 3 Variation of Overflow Risk with respect to Elapsed Time
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Comparisons among these cases indicate that the larger the basin, the higher the runoff capture percent-
age. In order words, a tradeoff exists between basin size and overflow risk. In order to answer the funda-
mental question as to what is a reasonable and appropriate storage volume for an infiltration basin? A
sensitivity study is further conducted for basin storage volumes ranging from 2.50 to 20.0 mm per water-
shed. The corresponding runoff capture rates, C, (T>Ty), are also calculated for these basins. As pre-
sented in Figure 4, the runoff capture rates vary from 70 to 98% for the selected basin sizes. The runoff
capture curve in Figure 4 defines the relationship between basin storage volumes and runoff capture per-
centages.
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Runoff Capture Percentage
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Figure 4 Runoff Capture Curve and Optimal Design Volume

Often, a runoff capture curve begins with increasing slopes, i.e. increasing return, and then changes to
decreasing slopes, i.e. diminishing return. The economic rule says that the input should be utilized in such
amount that the ratio of marginal output to marginal input, i.e. local slope on the runoff capture curve,
equals to the ratio of marginal physical output to marginal physical input, i.e. average slope of the runoff
capture curve (James and Lee, 1971). In practice, an engineer shall increase the basin size when the
marginal slope is greater than the average, or reduce the basin size when the marginal slope is less than
the average (Guo 2000). As shown in Figure 4, the marginal slope at the basin size of 10.5 mm per wa-
tershed is approximately equal to the average. For those basins from 2.50 to 10.5 mm experience an in-
creasing return, and those basins from 10.5 mm to 20.0 mm experience diminishing return. As a result,
the basin of 10.5 mm per watershed can be accepted as reasonable and appropriate. Of course the
marginal slope analysis doe not exclude a pre-selected overflow risk by which the corresponding basin
size can directly be determined from Figure 3.

CONCLUSION

This study presents a one-parameter model to analyze the complete rainfall records for the purpose of in-
filtration basin designs. A risk-based approach is further developed to assess the overflow risk when the
infiltration basin is under continuous rainfall events. The following conclusions are drawn from this study:
(1) The concept of runoff capture volume recommended for infiltration basin design was derived from sur-

face hydrology. When the infiltration rate on the land surface is different form the underground seepage
flow, the system can be backed up to adversely affect the conveyance capacity through the soil medium.
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In this study, the soil water storage capacity is taken into consideration when sizing an infiltration basin. It
was found that the drain time at a basin site is a function of soil characteristics and the distance to the
groundwater table.

(2) The overflow risk of an infiltration basin depends on the chance to have a large single event when the
basin is empty, or the sequential event during the draining process. The total overflow risk varies from its
highest level immediately after the basin is filled up to the lowest level when the basin is empty again.

(3) The runoff capture curve at a basin site can be constructed based on drain time, average event rainfall
depth, and average interevent time. A runoff capture curve provides the relationship between basin sizes
and runoff capture percentages at the basin site. Similar to the conventional design procedure used for
flood control designs, the basin size shall be determined by a pre-selected risk of overflow. However, if
the acceptable range of runoff capture percentage is known, the algorithm developed in this study can
identify the proper basin size based on the diminishing return of the amount of runoff captured.

(4) To apply this method to major metropolitan areas in the United States, the required average interevent
time and rainfall depth are available in the EPA Report (Driscoll et al. 1989).
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